Owing to their scientific and technological importance, inorganic single crystals with highly reactive surfaces have long been studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Unfortunately, surfaces with high reactivity usually diminish rapidly during the crystal growth process as a result of the minimization of surface energy. A typical example is titanium dioxide (TiO 2 ), which has promising energy and environmental applications [14] [15] [16] [17] . Most available anatase TiO 2 crystals are dominated by the thermodynamically stable {101} facets (more than 94 per cent, according to the Wulff construction 10 ), rather than the much more reactive {001} facets [8] [9] [10] [11] [12] [13] [18] [19] [20] . Here we demonstrate that for fluorine-terminated surfaces this relative stability is reversed: {001} is energetically preferable to {101}. We explored this effect systematically for a range of non-metallic adsorbate atoms by first-principle quantum chemical calculations. On the basis of theoretical predictions, we have synthesized uniform anatase TiO 2 single crystals with a high percentage (47 per cent) of {001} facets using hydrofluoric acid as a morphology controlling agent. Moreover, the fluorated surface of anatase single crystals can easily be cleaned using heat treatment to render a fluorine-free surface without altering the crystal structure and morphology.
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The surface stability and reactivity of inorganic single crystals have long been thought to be dominated by their surface chemistry, whose effect on the equilibrium morphology is critical for the synthesis of single crystals with high reactivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 21 . For anatase TiO 2 , both theoretical and experimental studies found that the minority {001} facets in the equilibrium state are especially reactive 8 . However, large highquality anatase single crystals with a high percentage of {001} facets have not been synthesized [22] [23] [24] . An early study 23 showed that the hydrothermal treatment of hydrous titanium(IV) oxide in the presence of hydrofluoric acid resulted in irregular aggregates of polymorphic TiO 2 with anhedral morphology. Recently, anatase single crystals were synthesized using chemical transport reactions, but the process had a long reaction time and the crystals were of low purity and had no {001} facets 24 . Therefore, preparation of uniform, highpurity anatase single crystals with controllable crystallographic facets still remains a challenge.
To this end, attempts have been made with various adsorbate atoms to change the relative stabilities of different crystal facets [19] [20] [21] [22] [23] In e and f, clean-surface results (denoted by blue spheres and circles) are used for reference. As indicated in the inset diagram, two independent parameters A and B denote lengths of the side of the bipyramid and the side of the square {001} 'truncation' facets, respectively. The ratio of highly reactive {001} facets to total surface area may therefore be described by the value of S 001 /S or B/A (where 0 # B/A # 1).
effective means for stabilizing the surfaces. Interestingly, F is such an element, as D Fig. 1e , from which two conclusions can be drawn: among the 12 X-terminated surfaces and the clean surfaces, termination with F atoms not only yields the lowest value of c for both the (001) and (101) surfaces, but also results in (001) surfaces that are more stable than (101) surfaces.
These results indicate that it might be possible to achieve anatase TiO 2 single crystals with a high percentage of anatase {001} facets if their surfaces are surrounded by F atoms. Furthermore, on the basis of the shape-dependent thermodynamic model proposed in ref. 27 , the optimized value of B/A (the length parameters illustrated in Fig. 1 ) and the percentage of {001} facets can be predicted if c is known. Fig. 1f shows that the F-terminated surfaces have the highest degree of truncation (B/A R 1 approximately); the F-terminated surfaces of anatase TiO 2 should therefore be dominated by {001} facets.
To verify these theoretical predictions, titanium tetrafluoride (TiF 4 ) aqueous solution and hydrofluoric acid were used as the anatase single crystals' precursor and crystallographic controlling agent, respectively, to generate the truncated anatase bipyramids. Representative scanning electron microscopy (SEM) images of the products synthesized with different concentrations of TiF 4 and reaction times are shown in Fig. 2a, d . On the basis of the symmetries of anatase TiO 2 , the two flat, square surfaces must be {001} facets and the eight isosceles trapezoidal surfaces are {101} facets of the anatase TiO 2 single crystals (further evidence for this is in Fig. 3 and Supplementary Fig. 7 ). The yield of anatase TiO 2 single crystals is around 90%, even though some agglomerates and/or irregular particles ( Supplementary Fig. 4 ) were occasionally observed.
To examine the uniformity of the synthesized anatase crystals, we statistically analysed the values of A and B/A under the different synthesis conditions. The results are presented in Fig. 2b , c, e, f: for the respective cases shown in Fig. 2a, d , the average values of A are 1.66 mm and 1.64 mm with relative standard deviations of 8.4% and 15.8% (Fig. 2b, e) , and the degrees of truncation (given by B/A) are 0.77 and 0.84 with relative standard deviations of 4.3% and 5.1% (Fig. 2, f) . We estimate the percentages of {001} facets to be 35% and 47%, respectively.
The fact that anatase single crystals generated with a low concentration of TiF 4 exhibit a high degree of truncation may be attributed to the higher fluorine density on the surface, which makes the isotropic growth more obvious. This is remarkably consistent with our theoretical predictions, and can be understood from the viewpoint of shape-control chemistry 20, 21 . The free energy of (001) surfaces can be reduced to 0.51 J m 22 using the (1 3 4) reconstruction 13 , which suggests that this reconstruction could also stabilize (001) surfaces. However, on the basis of the values of c calculated in ref. 13 (001) of O-F and Ti-F bonds, respectively. This analysis is consistent with the calculated electronic structures (see Supplementary Fig. 3 As a further confirmation, no crystal facet control was observed in the absence of hydrofluoric acid, and only hollow spherical polycrystalline anatase particles were formed (see Supplementary  Fig. 5 ) 28 . Hydrofluoric acid is believed to have dual roles here: to retard hydrolysis of the titanium precursor and to reduce surface energy to promote the isotropic growth along the [010] and [100] axes 18, 20 , as illustrated in Fig. 1a-f . In comparison with the sample in Fig. 2a , the anatase single crystals obtained in shorter reaction times are of a smaller size and a higher degree of truncation (for example A 5 850 nm and B/A 5 0.84 at 8 h, depicted in Supplementary Fig. 6 ). According to the theoretical predictions (Fig. 1f) , the B/A can be as great as 1.0 for the fully F-terminated surfaces; this important prediction indicates that ultrathin TiO 2 nanosheets may be synthesized.
Bright field images of transmission electron microscopy (TEM) and selected-area electron diffraction patterns confirm that each freestanding crystal shows single-crystal characteristics (Fig. 3a, b) . The selected-area electron diffraction patterns can be indexed into diffraction spots of the [001] zone 28 . The high-resolution TEM image (Fig. 3c) shows the (200) and (020) atomic planes with a lattice spacing of 1.89 Å and an interfacial angle of 90u (ref. 28) . A corresponding fast-Fourier-transform-filtered TEM image of tetragonal atomic arrangement on the (001) surface is shown in Fig. 3d . The interfacial angle between two parallel faces and other surrounding faces is 68.3u 6 0.3u on average ( Supplementary Fig. 7) ; this value is identical to the theoretical value for the angle between the {001} and {101} facets of anatase 5 . In the X-ray diffraction pattern shown in Fig. 4a , all the diffraction peaks match well with the crystal structure of the anatase TiO 2 phase (space group I4 1 /amd) 28 . The X-ray photoelectron spectrum of F 1s core electrons (Fig. 4b) for the anatase single crystals clearly matches the model description in Fig. 1a-d ; the measured binding energy is only 684.5 eV, which is a typical value for fluorated TiO 2 systems such as TiOF 2 or the surface Ti-F species 29 . Furthermore, the oxidation state of the Ti element in the same materials (Ti 2p 3/2 , binding energy 458.8 eV; Ti 2p 1/2 , binding energy 464.3 eV) is identical to that of bulk TiO 2 , as reported previously 30 . From the X-ray photoelectron spectroscopy results, we can conclude that the atomic incorporation of F atoms, or their substitution for O atoms, in the anatase TiO 2 crystal lattice (doping) can be ruled out. These results strongly support the initial theoretical predictions and our explanation in terms of surface atoms; that is, the high F-Ti bonding energy significantly lowers the energy of the (001) surfaces, making them more stable than (101) surfaces in our reaction media. Importantly, the fluorated surfaces of anatase single crystals can easily be made clean, fluorine-free surfaces by heating at 600 uC for 90 min, without changing their crystal structure and morphology (Supplementary Fig. 8) .
The well-defined, high-purity anatase single crystals synthesized in this work would be very useful as model single crystals for fundamental studies in surface science. Furthermore, high-purity anatase single crystals with a high percentage of reactive {001} facets have promising applications in solar cells, photonic and optoelectronic devices, sensors and photocatalysis. Our results illustrate the power of combining first-principle calculations and experimental techniques to achieve engineering of surface and crystallographic characteristics of crystalline materials. 
METHODS
Theoretical calculations. In each calculation, stoichiometric slab models (1 3 1) were used, consisting of nine atomic layers and a total of nine atoms for clean (001) surfaces and eight atomic layers and a total of 12 atoms for clean (101) surfaces. Each of these (001) and (101) surfaces contains one fivefold Ti atom terminated by an X atom (where X represents H, B, C, N, O, F, Si, P, S, Cl, Br or I). All atoms were relaxed without any constraint. All calculations were carried out using density functional theory within the generalized-gradient approximation 31 , with the exchange-correlation functional of ref. 32 (see also ref. 33 ). This was implemented in the Vienna ab initio simulation package 34, 35 , which spans reciprocal space with a plane-wave basis, in this case up to a kinetic energy cutoff of 450 eV. We used an 11 3 11 3 11 Monkhorst-Pack k-point mesh for bulk anatase, an 11 3 11 3 1 mesh for slabs, and a 3 3 3 3 3 mesh for dimers of X for final calculations of energies. During the relaxations, all structures were relaxed to an energy convergence of 10 24 eV (equating to a force convergence of 10 22 eV Å
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). In the case of slabs, the vacuum space is larger than 15 Å , and for the dimers of X a cubic unit cell with a 5 b 5 c 5 16 Å was used. For isolated atoms (to correct the cohesive energy), a unit cell with a 5 15 Å , b 5 16 Å and c 5 17 Å was used. Synthesis of anatase TiO 2 single crystals. Hydrochloric acid (1.5 M) was used to adjust the pH of deionized water (1.0 l) to around 2.1. Titanium tetrafluoride (TiF 4 , Aldrich Chemical) was then dissolved in this solution to a concentration of 0.04 M, which changed the pH to 1.8 (refs 36, 37) . Finally, deionized water was used to adjust the concentration of TiF 4 aqueous solution to a concentration of 2.67 to 5.33 mM. In a typical synthesis, 30 ml of TiF 4 aqueous solution and 0.4 ml of hydrofluoric acid (10 wt%) were added to a Teflon-lined autoclave and a transparent mixture formed; the mixture was kept at 180 uC for 2 to 20 h in an oven. After completion of the reaction, the clear solution at the upper section was carefully removed by plastic dropper and a precipitate (TiO 2 product) formed at the bottom of the Teflon reactor. The solid products obtained were washed three times with deionized water (15 ml each time) and then dried at 100 uC or redispersed in deionized water for further characterization. Fluorine removal from the surface of anatase TiO 2 single crystals. Typically, the powder samples of as-prepared anatase TiO 2 single crystals were heat treated in static air in a Muffle furnace at temperatures of 200 to 600 uC for 90 min with a ramping rate of 5 uC min 21 . The samples were then cooled to room temperature in the Muffle furnace, for further characterization. Materials characterization. Crystallographic information of anatase TiO 2 single crystals was obtained with X-ray diffraction (Shimadzu XRD-6000, Cu Ka radiation). Chemical compositions of anatase TiO 2 single crystals were analysed using X-ray photoelectron spectroscopy (Kratos Axis ULTRA incorporating a 165 mm hemispherical electron-energy analyser). All binding energies were referenced to the C 1s peak (285.0 eV) arising from adventitious carbon. Prior peak deconvolution, X-ray satellites and inelastic background (Shirley-type) were subtracted for all spectra. Morphology and crystal structure of anatase TiO 2 single crystals were examined using SEM (JEOL JSM6400F & JSM890) and TEM (Philips Tecnai T12 and T30F FEG Cryo AEM). Samples of anatase TiO 2 single crystals were dispersed in deionized water and dropped on a conductive SEM sample holder, or a carbon-coated copper grid with irregular holes for electron microscopy (SEM/TEM) analysis. X-ray photoelectron spectroscopy and X-ray diffraction samples were prepared by drying the sedimented particles overnight at 100 uC.
